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ABSTRACT A photoacoustic sensor has been developed for
trace-gas monitoring using a near-infrared semiconductor laser
emitting in the 2ν3 band of methane at 1.65 µm. The apparatus
was designed for on-line process control in the manufacturing of
the novel low-water-peak fibres developed for optical telecom-
munications. The importance of collisional relaxation processes
in the generation of the photoacoustic signal is reported in the
particular case of CH4 detection in dry O2 and O2–N2 mixtures.
The negative influence of these effects results in a strongly re-
duced and phase-shifted photoacoustic signal, induced by a fast
resonant coupling between the vibrational states of methane and
oxygen, associated with the slow relaxation of the excited oxy-
gen molecules. An unusual parabolic response of the sensor
with respect to the methane concentration has been observed
and is discussed. Finally, the beneficial effect of several species,
including water vapour and helium, acting as a catalyst to hasten
the relaxation of the CH4–O2 system, is demonstrated.
PACS 42.62.Fi; 33.20.Ea; 34.50.Ez
1 Introduction
Infrared photoacoustic spectroscopy (PAS) is
widely recognized for its high performances in trace-gas mon-
itoring and is one of the most sensitive techniques to measure
low gas concentrations at atmospheric pressure [1]. The high
sensitivity of PAS mainly results from its zero-background
nature, which means that no signal is produced in the absence
of an absorbing species. Furthermore, one of the most out-
standing features of this technique is its achromaticity: the
response of a photoacoustic (PA) sensor, represented by the
cell constant (i.e. the PA signal normalized by the laser power
and absorption coefficient), is usually independent of the laser
excitation wavelength (however, a few exceptions may occur
in some particular situations, as will be discussed later). It
means that the same PA detector can be used with any type
of laser and at any wavelength, from ultraviolet to mid in-
frared (MIR), with identical performances in terms of cell
constant (provided that a suitable window material is used in
the PA cell). This is definitively not the case for other high
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sensitivity laser spectroscopy techniques, such as wavelength-
or frequency-modulation spectroscopy (WMS/FMS), cavity
ring-down spectroscopy (CRDS) or intracavity laser absorp-
tion spectroscopy (ICLAS), which all make use of optical
detection that has poorer performances in the MIR region. In-
deed, not only is the sensitivity of MIR photodiodes strongly
reduced in comparison to near-infrared (NIR) ones, but also
MIR detectors require low-temperature operation and are
much more expensive than NIR detectors.
For several years, there has been much interest in the
use of NIR semiconductor lasers in PAS, such as distributed-
feedback (DFB) lasers mass produced for the optical telecom-
munications market, whereas, primarily, it has been pre-
dominantly implemented using MIR gas lasers (CO or CO2
lasers). Extreme detection limits, usually in the part-per-
billion (ppb) range, have been achieved with gas lasers [2–4],
thanks to their high optical power (a few watts) and their emis-
sion in the spectral range of strong fundamental rovibrational
transitions of many species. Compared to the discrete line-
by-line tunability of gas lasers, which requires an acciden-
tal coincidence between an absorption feature of the species
under investigation and an emission line of the laser, DFB
lasers have the advantage of continuous tunability over sev-
eral nanometres, enabling a precise adjustment of the laser
wavelength to the centre of an absorption line. They also of-
fer a suitable line width for high- resolution spectroscopic
techniques and their excellent characteristics in terms of out-
put power, single-mode performance, tunability and modula-
tion capabilities (both in intensity and wavelength), combined
with their small size, low power consumption and no cooling
requirement, make them ideal candidates for the development
of reliable miniature PA sensors.
Despite the achromatic property of PAS, the simple sub-
stitution of the excitation laser in a PA sensor by another
designed to detect a different species is not always that ev-
ident. Whereas this change is generally easily realized, as
already demonstrated in some publications, for example by
replacing a laser diode emitting at 1362 nm in a water vapour
measuring setup by another one emitting at 1531 nm in order
to measure ammonia [5], such a simple change can some-
times result in a dramatic loss in sensitivity or in other unusual
behaviours. Such undesirable effects may result from an in-
trinsic characteristic of PAS, i.e. it is an indirect technique.
Indeed, the laser optical energy absorbed by the molecules
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is not directly measured, but is determined through an indi-
rect effect, which is the acoustic wave generated in the sample
due to its thermal expansion. The conversion from optical to
thermal energy therefore depends on some physico-thermal
properties of the sample (not only from the analysed species,
but also and mainly from the buffer gas). Consequently, PAS
is not an absolute method and a calibration is essential. Fur-
thermore, molecular relaxation of the excited rovibrational
energy into sample heating is a key step in the generation of
the PA signal. Whereas this effect can be assumed instanta-
neous in most cases, since it is much faster than the time scale
of the laser modulation, it turns out that this relaxation is much
slower in some particular gas mixtures, and the corresponding
long relaxation time can strongly influence the generation of
the PA signal. Such a phenomenon leads for example to the
well-known effect of kinetic cooling of CO2 observed in the
MIR region, which arises when a mixture of CO2 diluted in
N2 is analysed with a CO2 laser [6, 7]. In that case, the energy
absorbed by the CO2 molecules results from a hot-band tran-
sition, which is rapidly followed by a resonant energy transfer
between CO2 and N2 vibrational states. As a result of this pro-
cess, the CO2 molecules relax in their ground state, where
their energy is lower than before the laser-induced transition.
This leads to an effective cooling (instead of the usual heating)
of the gas sample, which results in a 180 degrees phase lag
of the PA signal with respect to the laser modulation. A simi-
lar effect has also been recently described in the NIR range,
when detecting CO2 at 1.43 µm using an external- cavity laser
diode [8].
The occurrence of such negative molecular relaxation ef-
fects in PAS will probably tend to increase in the future for
different reasons. Firstly, the number of applications of PAS
in the NIR range is currently increasing, thanks to the incom-
parable properties of DFB lasers and their constantly rising
optical power. Some undesirable influences of molecular re-
laxation are more likely to occur in the NIR than in the MIR,
due to the higher vibrational energy levels involved, which re-
sults in a more complicated relaxation pathway of the excited
molecule and increases the possibilities of vibrational en-
ergy transfer to the buffer-gas molecules. Some applications
of PAS also concern the monitoring of different gaseous im-
purities in the control of advanced manufacturing processes.
These processes often make use of high-purity gases (such as
N2 or O2), in which contaminants have to be monitored at very
low levels. The absence of water vapour in these samples in-
creases the influence of relaxation effects, as water usually
contributes to favour the relaxation of many species [1]. Fi-
nally, additional molecular relaxation effects are expected to
occur in a novel alternative technique of PAS, the so-called
quartz-enhanced PAS (QE-PAS), which has been recently in-
troduced by Kosterev et al. [9–11]. This method uses a minia-
ture high-Q piezoelectric crystal such as found in any watch
(a quartz tuning fork) both as a PA cell and as a pressure trans-
ducer. This system enables the use of extremely small sample
volumes (< 1 mm3), but is currently operating only at a much
higher resonant frequency (around 32.8 kHz) than traditional
PA sensors. Therefore, relaxation effects assume more impor-
tance at such a high frequency, as demonstrated in a recent
publication [10], due to the slower relaxation rate compared
to the modulation frequency. This effect is still amplified by
the fact that QE-PAS is usually performed at reduced pres-
sure (down to 60 Torr [11]) in order to increase the response
of the piezoelectric tuning fork, which enhances the influence
of relaxation effects.
In this paper, we report a particular example demonstrat-
ing the fundamental role played by molecular relaxation in
PAS and the dramatic resulting modification of the response
of a PA sensor. This example concerns the detection of me-
thane (CH4) at trace level in dry oxygen and oxygen–nitrogen
mixtures using a PA sensor working with a 1.65-µm DFB
laser. Our primary interest for methane-trace monitoring in
oxygen was for process control in the manufacturing of the
novel low-water-peak fibres developed for optical telecom-
munications. This new type of fibres, also called metro fibres
or zero-water-peak fibres (ZWPFs), is designed to enable op-
tical transmission in the E-band (1360–1460 nm) in order to
open up this window for implementing cost-effective coarse
wavelength division multiplexing (CWDM) technology for
current or future network applications [12]. In standard silica
optical fibres, a strong hydroxyl ion (OH−) absorption peak,
centred at 1390 nm, prevents transmission in the wavelength
range extending from roughly 1350 nm to 1480 nm. This peak
is often referred to as a water peak, since it is mainly due to the
presence of moisture contamination during the manufactur-
ing process of the synthetic silica fibre preform, usually made
by modified chemical vapour deposition (MCVD). However,
other hydrogenated compounds, such as CH4 or HCl, present
as impurities in the MCVD process, may also contribute to
this absorption peak, as they strongly react with the high oxy-
gen concentration used in the process, which leads to the
production of OH− that is finally trapped in the optical fibre.
These chemical reactions are very efficient due to the elevated
temperature of the process. A sensitive (sub-part-per-million
(sub-ppm) level), continuous and on-line monitoring of these
contaminants is therefore required in the ZWPF manufactur-
ing process. Regarding CH4, this species needs to be moni-
tored in the presence of a large amount of O2, as this substance
is mainly used as a carrier gas in the MCVD process. As will
be shown later, the methane PA signal is poorly generated in
such conditions, which prevents at first glance the realization
of a PA sensor for this application. By chance, another carrier
gas, helium (He), is also added in large quantities (several tens
of percent) to oxygen in the MCVD process and, as will be
demonstrated, this substance is highly efficient in promoting
the vibrational relaxation of methane–oxygen mixtures, thus
making possible CH4 monitoring by PAS for MCVD process
control.
2 Influence of molecular relaxation
in photoacoustics
PAS basically consists in exciting an absorbing gas
sample with a modulated laser beam at a proper wavelength
and detecting the generated acoustic wave using a micro-
phone [13]. The acoustic wave occurs as a result of molecu-
lar absorption of photons and subsequent deactivation of the
excited rovibrational state via inelastic collisions with the
neighbouring molecules (collisional relaxation). When the in-
ternal energy of the molecule (vibration) is transferred into
kinetic energy (translation) of the surrounding molecules, pe-
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Reaction Rate Ref. Reaction Rate Ref.
[s−1 atm−1] [s−1 atm−1]
(R1) CH∗4 (nν4)+CH4 → CH∗4 ((n −1)ν4)+CH∗4 (ν4) 2.7×108 [14] (R7) O∗2 (ν)+O2 → O2 +O2 6.3×101 [16]
(R2) CH∗4 (nν4)+CH4 → CH∗4 ((n −1)ν4)+CH4 8×105 [14] (R8) O∗2 (ν)+N2 → O2 +N2 4×101 [16]
(R3) CH∗4 (nν4)+O2 → CH∗4 ((n −1)ν4)+O∗2 (ν) ∼ 3×107 (R9) O∗2 (ν)+H2O → O2 +H2O 1.1×106 [16]
(R4) CH∗4 (nν4)+O2 → CH∗4 ((n −1)ν4)+O2 1.3×105 [15] (R10) O∗2 (ν)+CH4 → O2 +CH∗4 (ν4) 2×107 [17]
(R5) CH∗4 (nν4)+N2 → CH∗4 ((n −1)ν4)+N2 8×104 [14] (R11) O∗2 (ν)+CH4 → O2 +CH4 1×106 [18]
(R6) N∗2 (ν)+N2 → N2 +N2 1.0 [16] (R12) O∗2 (ν)+He → O2 +He 2.3×104 [19]
TABLE 1 Examples of relaxation rates of some vibrational states with different collisional partners. Reactions labelled in bold correspond to V–T
processes, the others to V–V processes
riodic heating occurs in the sample and induces a pressure
wave. In order to efficiently generate this PA signal, the typ-
ical time scale of the vibration-to-translation (V–T) energy
transfer should be much shorter than the period of the laser
modulation, which is generally in the millisecond range for
traditional PAS, but may be reduced to 30 µs in the novel
QE-PAS technique [9–11]. This requirement is most often
fulfilled in standard PAS, since the collisional relaxation time
of most molecules ranges from nanoseconds to hundreds of
microseconds at atmospheric pressure. However, the relax-
ation time of some particular molecules may be orders of
magnitude longer [14–19]. In particular, this is the case for
a few diatomic molecules, such as N2 or O2 (see Table 1), and
for collisions with some particular partners (N2 and O2, too).
Therefore, heat release may be delayed in a gas mixture if
the excess energy of the excited molecules can be channelled
by collisions, through vibration-to-vibration (V–V) energy
transfers, to a long-lifetime excited state of the surrounding
molecules. As a result, the PA signal is severely damped when
the time scale of the V–T processes is comparable to or longer
than one period of the laser modulation. The dependence of
the PA signal with respect to the molecular relaxation time τ
is given by [1]
SPA = CcellCαP0√
1+ (ωτ)2 , (1)
where Ccell is the cell constant (in [V cm/W]), C the gas con-
centration, α the absorption coefficient, P0 the incident op-
tical power and ω = 2π f the modulation angular frequency.
FIGURE 1 Scheme of the experimental set-up, including the PA sensor and a gas-mixing system made of four mass-flow controllers (MFCs) to generate dif-
ferent CH4 concentrations and carrier-gas compositions. Light from a current-modulated 1651-nm DFB laser is launched into the acoustic resonator through
a fibre collimator and the generated PA signal is detected in the centre of the resonator using an electret microphone
The phase of the PA signal is given by tan ϕ = −ωτ . When
the relaxation process is fast enough (which corresponds to
most cases encountered in PAS), the condition ωτ  1 is ful-
filled. Therefore, the PA signal becomes independent of the
relaxation time (SPA = CcellCαP0) and is in phase with the
laser modulation (ϕ = 0). However, the situation is drasti-
cally different when the relaxation process is slow. In that case
(ωτ  1), the PA signal is phase shifted with respect to the
laser modulation (ϕ = 0) and becomes directly linear with the
relaxation rate:
SPA ∼= CcellC αP0
ω
τ−1 . (2)
In a gas mixture, the relaxation rate of an excited state of
a molecule M is given by a weighted sum of the relaxation
rates corresponding to collisions with the different types of
surrounding molecules Mi and taking into account the con-
centration Ci of each species:
τ−1M =
∑
i
Ciτ−1M−Mi . (3)
3 Experimental details
A fibre-coupled PA sensor has been developed for
CH4 detection. The experimental setup is shown in Fig. 1.
A PA cell has been optimized for high sensitivity and good
immunity to environmental noise [20]. The cell is made of
a central stainless steel tube, 17-cm long with 6-mm inner
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diameter, acting as an acoustic resonator, and two external
larger volumes, acting as acoustic filters. The resonator was
operated in its first longitudinal mode, at a resonance fre-
quency roughly equal to 1 kHz in air. The length of the buffer
volumes was adjusted to a quarter of the acoustic wavelength,
in order to minimize the coupling of acoustic noise (ambient
noise, windows’ noise) into the resonator. The acoustic signal
was detected in the centre of the resonator, at the maximum
of the acoustic standing wave, using a sensitive electret micro-
phone (Knowles EK3032). After amplification, the PA signal
was measured using a lock-in amplifier (EG&G 5210) with
a time constant usually set to 3 or 10 s. Both the amplitude and
the phase of the signal were finally recorded by a computer.
A pigtailed DFB laser (NEL NLK1U5E1AA) was used as
a PA excitation source. The laser covered the spectral range
1648–1652 nm when its temperature was changed from 5 ◦C
to 40 ◦C. The temperature- and current-tuning coefficients
were −12.3 GHz/◦C and −0.56 GHz/mA, respectively. The
average laser power at the fibre output was 8 mW in our ex-
perimental conditions. The laser was connected to a fibre
collimator directly mounted on the outer flange of the buffer
volume of the PA cell. The collimated laser beam was prop-
erly aligned to the axis of the acoustic resonator, in order to
avoid acoustic noise induced by a contact between the tube
and the wings of the laser-beam distribution (wall noise). The
laser was tuned to the strongest attainable CH4 absorption fea-
ture at 1650.96 nm (composed of four overlapping lines of
the R(4) quadruplet in the 2ν3 band) and the injection current
was modulated at the first longitudinal resonance frequency
of the central tube, in order to efficiently excite the PA signal.
An enhancement factor Q ∼= 21–23 (depending on the precise
buffer-gas composition) was achieved at ambient atmospheric
pressure thanks to this resonant configuration.
Semiconductor lasers can be modulated either in intensity
(on–off modulation with square waveform) or in wavelength
(sine or square modulation of reduced amplitude in order to
tune the laser on-line and off-line). In our case, wavelength
modulation (WM) can produce a slightly higher (25%) PA
signal than intensity modulation (IM) when an optimal mod-
ulation depth is used [21]. However, a WM-induced PA signal
is more sensitive to the width of the absorption feature than in
the case of IM, since WM signals directly depend on the ratio
of the modulation depth to the absorption line width (a max-
imum signal is obtained when the modulation depth is roughly
twice the line width [22]). Different buffer gases (N2/O2 mix-
tures of different compositions, adjunction of several percent
of water vapour or helium) have been used in our experi-
ments in order to study the influence of molecular relaxation
on the PA signal. Since the foreign-broadening coefficient of
the CH4 absorption feature of interest changes with the com-
position of the carrier gas [23], IM has been preferred since it
is less dependent on the width of the absorption feature than
WM. For this purpose, the laser current was square modulated
between threshold and a value close to the current limit, in
order to achieve complete IM (IM index M = 1). However,
pure IM was not achieved in these conditions, since residual
WM also occurred as a result of the laser chirp induced by the
current pulses. But, since measurements were performed at
atmospheric pressure where the CH4 absorption feature is sev-
eral GHz wide, the effect of the residual WM was very weak
compared to IM (i.e. the laser chirp was much smaller than
the width of the absorption feature) and its influence on the
PA signal could be neglected. This has been confirmed by ex-
perimental measurements of the PA spectrum of methane that
showed no significant line broadening.
Various CH4 concentrations and carrier-gas compositions
have been prepared from certified cylinders using a multi-
gas controlling unit (MKS 647C) and mass-flow controllers
(MKS 1179). Two cylinders of CH4 buffered in nitrogen
(5000 ppm and 100 ppm) and three pure gases (N2, O2 and He)
have been used. With four different mass-flow controllers (2×
100 sccm, 1×500 sccm and 1×1000 sccm), CH4 concentra-
tions ranging from 5000 ppm down to 0.4 ppm could be gener-
ated when N2 was used as the carrier gas, and from 2000 ppm
down to 0.4 ppm in N2/O2 mixtures (with a precision on the
CH4 concentration that was dependent on the dilution factor,
but always better than 10%). The flow rates in the mass-flow
controllers were always adjusted in order to have a total gas
flow of 500 sccm in the PA cell. Such a flow rate enables a fast
enough response time to changing concentrations without in-
ducing additional acoustic noise. The water-vapour content in
the gas mixture could also be adjusted by passing part of the
flow through a saturator, i.e. a water-filled glass cuvette placed
in a thermostat bath. The flow exiting the cuvette was satu-
rated in water vapour and the humidity was dependent only
on the bath temperature. The humidification of the gas sample
was important to study the influence of molecular relaxation
effects, as water vapour is usually an efficient catalyst that en-
hances the vibrational relaxation rate of many species.
With the experimental setup previously described, me-
thane diluted in dry N2 has been first measured. In that
case, a detection limit of 0.18 ppm (defined for a signal-to-
noise ratio SNR = 3 and with 10-s integration time) has been
achieved. Then, CH4 was diluted in oxygen in order to in-
vestigate the sensitivity of the PA system for our application
of interest, i.e. the monitoring of CH4 in the MCVD process.
The PA signal detected in these conditions was more than
one order of magnitude lower than in pure N2, and almost no
signal could be measured below 10 ppm of CH4. After identi-
fying that this behaviour resulted from molecular relaxation,
we decided to investigate this phenomenon in more detail and
to study PA methane monitoring in different N2/O2 mixtures,
as well as the effect of various catalysts (H2O, He) that may
promote the vibrational relaxation of the CH4–O2 system. As
relaxation effects strongly depend on the frequency of the ex-
cited acoustic wave, different resonances of our PA cell have
been considered in this experimental study. The three first lon-
gitudinal modes of odd order – labelled (001), (003) and (005)
– have been used, with typical resonance frequencies in air
of 1 kHz, 3 kHz and 5 kHz (the even longitudinal modes can-
not be used, as they are not excited by the laser beam in this
geometry due to symmetry reasons).
4 Results and discussion
4.1 First experimental evidence
of relaxation effects in the CH4– O2 system
The variation of the PA response corresponding to
100 ppm of CH4 in different dry N2/O2 mixtures is shown
in Fig. 2. For this measurement, the complete acoustic reson-
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FIGURE 2 Variation of the PA response corresponding to 100 ppm CH4 as
a function of the O2 fraction in N2 in the buffer gas. (a) PA amplitude of the
first three odd-order longitudinal resonances of the PA cell, labelled (001),
(003) and (005). (b) Phase of the PA signal measured at the first longitudi-
nal resonance; the solid line represents a linear fit of the data. Error bars
shown on the experimental data correspond to the standard deviation of the
fitting process used to determine the parameters of the acoustic resonance.
Two different measurements are displayed for each experimental condition
ance (amplitude and phase) has been recorded by scanning
the laser modulation frequency. The phase measurements do
not represent absolute values, as some additional electronic
phase shifts may be present even in the absence of molecu-
lar relaxation effects. However, the reference phase of the
lock-in detection was kept fixed during all the measurements,
so that relative phase variations may be attributed to relax-
ation effects. The parameters of the resonance (amplitude,
central frequency and phase, Q factor) have been extracted
from a fitting procedure of the experimental data and the level
of uncertainty of each parameter has been determined from
the standard deviation of the fitting process. The PA energy
(square of the PA amplitude) was fitted by a Lorentzian dis-
tribution in order to determine the centre, amplitude and Q
factor of the resonance. The Q factor is given by the ratio
between the centre frequency and the width (half-width at
half maximum) of the Lorentzian distribution of the acous-
tic energy. The phase data were fitted by a fifth-order poly-
nomial and the value at the centre of the resonance (given
by the Lorentzian fit) was determined. From these measure-
ments, it turned out that the Q factor was only marginally
modified between measurements in pure N2 and O2 (for ex-
ample, it was reduced from Q ∼= 23 in pure N2 to Q ∼= 21
in O2 for the first longitudinal mode). The PA amplitude in
Fig. 2a is reduced by more than one order of magnitude when
measured in O2 in comparison to the case of pure N2, and
the signal is strongly reduced in N2/O2 mixtures containing
only a few percent of O2. The behaviour is similar for the
three considered modulation frequencies (1 kHz, 3 kHz and
5 kHz), but the data are less accurate at higher frequency due
to a severe reduction in the signal-to-noise ratio, which results
from the combination of the 1/ f dependence of the PA ef-
fect and the decrease of the overlap integral between the laser
beam and high-order acoustic modes. The phase variation of
the PA signal is also shown in Fig. 2b for the first longitudi-
nal mode. A linear change is observed when increasing the
O2 concentration. The strong reduction of the PA signal ob-
served when switching from pure N2 to O2 as a carrier gas
and the associated phase variation are induced by particular
molecular relaxation effects occurring in the CH4–O2 system
(discussed in Sect. 4.2) and are hardly influenced by the Q
factor of the resonance or by other physical parameters of the
buffer gas.
4.2 Discussion of the relaxation of CH4 in O2
The unexpected experimental results reported in
Fig. 2 about the monitoring of methane in oxygen by PAS
are related to singular molecular relaxation effects occurring
in the CH4–O2 system. They may be explained by consider-
ing the deactivation pathway followed by the CH4 molecules
excited by the laser radiation. A complete description of the
spectroscopic properties of CH4 is given in Ref. [15] and the
rovibrational energy transfer processes in CH4–N2/O2 mix-
tures are also discussed in a series a papers [15, 16, 24]. We
just recall here the main spectroscopic characteristics of CH4
molecules that are essential for the understanding of our ex-
perimental results.
The CH4 molecule has four vibrational modes: two bend-
ing vibrations ν2 (asymmetric) and ν4 (symmetric), and two
stretching vibrations ν1 (symmetric) and ν3 (asymmetric).
The first excited bending levels ν2 and ν4 are located at 1533
and 1311 cm−1 and the stretching levels ν1 and ν3 at 2917 and
3019 cm−1, approximately two times higher in frequency than
the two former ones. Consequently, the vibrational energies of
methane can be viewed as clusters (called polyads) of states
interacting together through Fermi or Coriolis resonances, as
shown in Fig. 3. The spacing between two successive polyads
is about 1500 cm−1. Due to the strong interactions existing
between the states in a given polyad, the spectroscopic an-
alysis of any vibrational state needs to take into account sim-
ultaneously all the states of the polyad to which the level
belongs [15]. This characteristic is important for the under-
standing of the collisional relaxation of methane. In particular,
very fast energy transfers (in the nanosecond range) occur be-
tween the states of the same polyad (intermodal transfer) for
both CH4–CH4 and CH4–O2 collisions. Therefore, the energy
transfer between two polyads essentially occurs via the ex-
change of one ν4 vibrational quantum (see reactions R1 and
R3 in Table 1), since this is the smallest energy quantum. For
CH4–O2 collisions, the de-excitation of the CH4 molecule
is accompanied by a resonant excitation of the first vibra-
tional state of oxygen, O∗2 (ν), due to its proximity with the
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FIGURE 3 Energy-level diagram of CH4 molecule, showing the laser exci-
tation to the 2ν3 state and the subsequent relaxation scheme with the resonant
coupling between CH∗4 (ν4) and O∗2 (ν) levels (dashed arrow)
CH∗4 (ν4) level. For weak CH4 concentrations, the transfer to
the lower polyads occurs predominantly via the resonant pro-
cess R3 and, at each relaxation step, the energy released by
CH4 is transferred to oxygen molecules. As a result, the whole
1.65-µm laser energy initially absorbed in the CH∗4 (2ν3) state
finally accumulates in the O∗2 (ν) vibrational state of oxygen.
According to Table 1, the relaxation time of this state at atmo-
spheric pressure (τO2−O2 = 1/63 [s]) is much longer than one
period of the laser modulation (around 1 ms for 1-kHz modu-
lation frequency), so that no PA signal is coherently generated
with the laser modulation. This explains the very small PA
signal observed when measuring CH4 in O2. The situation is
totally different for CH4 diluted in N2, as the first vibrational
state of N2 has a larger energy than the CH∗4 (ν4) level, so that
no efficient V–V transfer can occur.
In the different N2/O2 mixtures considered in Fig. 2, two
different relaxation pathways may be followed by the CH4
excited molecules. The first involves CH4–N2 collisions that
result in the V–T process (reaction R5) that generates a PA
signal at all considered modulation frequencies. The second
involves CH4–O2 collisions that result in the resonant V–V
transfer (reaction R3) and in an accumulation of the energy
in the O∗2 (ν) excited state. CH4–CH4 collisions may be neg-
lected here since the considered CH4 concentration is several
orders of magnitude smaller than N2 and O2 concentrations. In
the second relaxation pathway (CH4–O2 collisions), the trans-
fer into kinetic energy is limited by the long relaxation time
of the excited O∗2 (ν) state for both O2–N2 and O2–O2 col-
lisions according to reactions R7 and R8 in Table 1. A very
high value of the parameter ωτ is obtained in this case for
each resonance (ωτ ∼= 100, 300 and 500 for modes (001),
(003) and (005), respectively). According to Eq. (1), it im-
plies that this energy is almost entirely lost for the generation
of the PA signal for our three resonances and only the en-
ergy relaxed through CH4–N2 collisions contributes to the PA
signal. When the O2 concentration is raised, the amount of
energy transferred to O2 rapidly increases and the PA signal
is reduced accordingly, which qualitatively explains the be-
haviour observed in Fig. 2a. The fact that only the V–T process
induced by CH4–N2 collisions contributes to the PA signal
explains the similar behaviour observed for the three consid-
ered frequencies. In addition, the phase of the PA signal is also
affected when increasing the O2 concentration, since the re-
laxation time corresponding to CH4–N2 collisions depends on
the N2 concentration according to Eq. (3). This leads to a lin-
ear variation of the phase as qualitatively observed in Fig. 2b.
However, the experimental behaviour cannot be quantitatively
explained by the relaxation rates of the processes presented in
Table 1. This may result from some inaccuracies in the pub-
lished data used for the evaluation of the relaxation rates or
from the possibility that other processes also contribute to the
relaxation.
Due to the strong and very fast coupling between CH∗4(ν4) and O∗2 (ν) states, the negative influence of oxygen on
the generation of the methane PA signal is already significant
even for small O2 concentrations (some percent) in the car-
rier gas. Therefore, such a situation may even be encountered
when monitoring CH4 in ambient air (21% O2) in relatively
dry conditions. In addition, this effect is due to the resonant
coupling between the lower CH4 energy level (ν4) and the
first vibrational mode of O2 as described herein. It is there-
fore independent of the upper level of the molecular transition
excited by the laser radiation. This has been confirmed by
measurements performed in the 2.37-µm range (ν1 + ν4 band
belonging to the lower polyad P3) using a new type of GaSb-
based semiconductor DFB laser [25]. It may be noticed in
Fig. 4 that the reduction of the PA signal observed when in-
creasing the O2 concentration in the carrier gas is comparable
FIGURE 4 Variation of the PA signal (amplitude of the first longitudinal
resonance) as a function of the O2 concentration in the buffer gas for two dif-
ferent excited CH4 transitions: 2ν3 in polyad P4 (λ = 1651 nm) and ν1 +ν4 in
polyad P3 (λ = 2372 nm). A CH4 concentration of 100 ppm was considered
and the PA signals were normalized at each wavelength to the value obtained
in pure N2. Error bars shown on the experimental data correspond to the stan-
dard deviation of the fitting process used to determine the parameters of the
acoustic resonance
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between the 1.65-µm and the 2.37-µm absorption bands (it is
even slightly more important at 2.37 µm).
A similar behaviour has already been reported for the de-
tection of CH4 in O2/N2 mixtures in the fundamental ν4 vi-
brational band [26]. In that case, a 150 degrees phase lag of
the PA signal was observed and this phenomenon was con-
sidered as a kinetic cooling effect, due to its similarity with
the CO2 kinetic cooling. The behaviour reported here for the
CH4–O2 system is also induced by molecular relaxation ef-
fects, but some experimental evidence shows that it is distinct
from a kinetic cooling. Firstly, the CH4 transition of interest
(2ν3 or ν1 + ν4) does not belong to a hot band, opposite to
the kinetic cooling of CO2. Furthermore, the observed phase
shift of the PA signal is very far from the theoretical value of
180 degrees achieved in the case of kinetic cooling. Molecu-
lar relaxation effects in the CH4–O2 mixture are responsible
for a delay in the PA signal generation, but no effective cooling
occurs.
4.3 Parabolic response of the sensor
with respect to CH4 concentration
The response of the PA sensor to varying methane
concentrations is shown in Fig. 5 for different buffer-gas com-
positions: pure N2, 60% O2/40% N2 dry and humidified with
0.15% or 1.1% of water vapour (absolute humidity). For these
measurements, both the amplitude and the phase of the PA
signal have been continuously recorded at the centre of the
first resonance during 5 min. The average value and the stan-
dard deviation of the data have been determined in each case.
A mixture containing 60% of O2 and 40% of N2 was cho-
sen for the following reasons: (i) in order to be not influenced
by other undesirable parameters (variation of the resonance
frequency, broadening of the absorption line, etc.), it was cho-
sen to keep always the same mixing ratio between N2 and
O2 for all considered CH4 concentrations; (ii) as our certified
cylinders were buffered in N2, it was not possible to dilute
methane in pure O2; with only 60% of O2, a wide variety
of methane concentrations could be achieved, ranging from
2000 ppm down to 0.4 ppm; (iii) molecular relaxation effects
already have a strong influence in a mixture containing 60% of
O2 as shown in Fig. 2.
We observe in Fig. 5 a similar response of the sensor when
either pure N2 or a O2/N2 mixture with a high H2O con-
tent (1.1% absolute humidity) is considered. In both cases,
a very good linearity (R > 0.99) is obtained over more than
four orders of magnitude of concentration. The phase of the
PA signal also remains constant over the full range of CH4
concentrations. The CH4 level resulting in a noise-equivalent
signal was found to be 60 ppb for the first longitudinal res-
onance (for 10-s integration time). The measured signal was
even slightly higher in the humidified O2/N2 mixture than in
pure N2, which may suggest that a very small influence of
relaxation effects even occurs in pure N2. This assumption
seems to be confirmed by the small phase difference observed
between these two carrier gases. This point is not discussed
in this paper, but will be addressed in a future publication.
A strongly different behaviour was observed when a dry or
weakly humidified (0.15% absolute humidity) O2/N2 mixture
was used as a carrier gas. In these cases, the PA signal was
FIGURE 5 Amplitude (a) and phase (b) variation of the PA signal meas-
ured at the first longitudinal resonance as a function of the CH4 concentration
for different carrier gases: pure N2, dry 60% O2/40% N2, 60% O2/40% N2
humidified with 0.15% and 1.1% H2O (absolute humidity). Error bars shown
on the plot correspond to the uncertainty on the CH4 concentration generated
with the MFCs (horizontal axis) and to the standard deviation of the PA sig-
nal recorded in a 5-min period (vertical axis). Lines in (a) are the result of
a fit by a linear function (for pure N2 and O2/N2 with 1.1% H2O) or by the
sum of a linear and a quadratic term (for dry O2/N2 and O2/N2 with 0.15%
H2O). In (b), lines correspond to a constant phase for N2 and O2/N2 with
1.1% H2O and to a linear fit for O2/N2 with 0.15% H2O. For the dry O2/N2
mixture, the line is just an interpolation between the experimental points
no longer linear, but was expressed as the sum of a linear and
a quadratic term (clearly visible for the dry O2/N2 mixture).
The CH4 concentration resulting in a noise-equivalent signal
was depreciated to 2.5 ppm in dry O2/N2 (for 10-s integration
time). The phase of the PA signal is also changing as a func-
tion of the CH4 concentration, and the phase variations are
larger for the dry O2/N2 mixture.
The parabolic response with respect to the CH4 concentra-
tion observed in the presence of O2 is also a clear indication
of the importance of relaxation effects in the CH4–O2 system.
Whereas the collisional V–T relaxation of O∗2 (ν) is very slow
for O2–O2 collisions, it is more than four orders of magnitude
faster for O2–CH4 collisions (see reaction R11 in Table 1). So,
even for small CH4 concentrations, the relaxation time of the
O∗2 (ν) state is reduced when increasing the CH4 concentra-
tion. According to Eq. (3), a linear variation of the relaxation
rate is obtained for small CH4 concentrations:
τ−1O2
∼= τ−1O2−O2 +CCH4τ−1O2−CH4 . (4)
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By combining Eqs. (2) and (4), the dependence of the PA
signal finally appears as the sum of a linear and a quadratic
term, which fully explains the experimental observations:
SPA ∼= CcellCCH4
αP0
ω
(
τ−1O2−O2 +CCH4τ−1O2−CH4
)
. (5)
Therefore, the experimentally observed parabolic re-
sponse results from a double-linear dependence of the PA
signal on the CH4 concentration. The first is the usual lin-
ear variation with the gas concentration, due to the increasing
amount of energy absorbed in the sample. The second is di-
rectly induced by the variation of the molecular relaxation rate
with the CH4 concentration as described by Eq. (4).
The phase variation of the PA signal observed in dry or
weakly humidified (0.15% H2O) O2/N2 mixtures is more dif-
ficult to quantitatively explain. However, a qualitative inter-
pretation may be given based on the previous argument about
V–T transfers in a CH4/N2/O2 mixture. The phase evolu-
tion observed in the dry O2/N2 mixture may be qualitatively
explained by the characteristics of the relaxation scheme oc-
curring in different ranges of concentration. For low CH4 con-
centration, the energy transferred to O∗2 (ν) via the resonant
process R3 is lost for the PA signal due to the long-lifetime
relaxation of O∗2 (ν). In that case, only the V–T process due
to CH4–N2 collisions (reaction R5) contributes to the PA sig-
nal and the phase of this signal is expected to tend to 0
degrees, which seems to correspond to the tendency of the
experimental curve at low CH4 concentration. On the other
hand, the O∗2 (ν) V–T relaxation is strongly hastened at high
CH4 concentration (reaction R11) and becomes comparable
to or faster than one period of the laser modulation. There-
fore, the energy transferred to O∗2 (ν) partially contributes to
the PA signal and the phase tends again to 0 degrees when
the O∗2 (ν) relaxation is fast enough, i.e. at high CH4 con-
centration. In the intermediate range of concentration, the
two above-mentioned relaxation pathways contribute to the
PA signal, with their own amplitude and phase depending
on the CH4 concentration. In particular, the contribution of
O2–CH4 collisions leads to a phase shift since the factor ωτ
is non-negligible in the intermediate range of concentration
(ωτ ∼= 1).
When a small quantity of water vapour (0.15% as in
Fig. 5) is added to the sample, the relaxation of O∗2 (ν) is
promoted and, even at very low CH4 concentration, the en-
ergy transferred to O∗2 (ν) slightly contributes to the PA
signal. This contribution increases with CH4 concentration
due to the associated reduction of the relaxation time (see
Eq. (4)). In this case, the phase of the PA signal changes
monotonically with the CH4 concentration as observed in
Fig. 5b.
If the above qualitative arguments enable us to explain the
observed experimental results, a more detailed analysis re-
veals a large deviation of the measured values from the data
calculated by the relaxation rates given in Table 1. This dis-
crepancy may result from some erroneous values indicated in
Table 1, but it may also indicate that the relatively simple re-
laxation scheme we have considered is incomplete and that
other processes may contribute to the relaxation, or that other
physical processes may play a role in the generation of the PA
signal.
4.4 Enhancement of the V–T process rate
in CH4– O2 mixtures using a catalyst
Not only is CH4 efficient in promoting the V–T re-
laxation of O∗2 (ν), but some other species may also act as a cat-
alyst for this relaxation. For example, water vapour is known
to promote the vibrational relaxation of several species, in-
cluding O2 (see reaction R9 in Table 1). This is confirmed
by the experimental results shown in Fig. 6, where the varia-
tion of the PA signal (amplitude and phase) corresponding to
20 ppm of CH4 is displayed as a function of the water content
in the 60% O2/40% N2 carrier gas. For these measurements,
both the amplitude and the phase of the PA signal have been
recorded at the centre of the three resonances during 5 min and
the average value and the standard deviation of the data have
been determined. A constant signal amplitude is obtained for
water-vapour contents higher than 1% (absolute humidity),
but a strong reduction of the signal is observed below 1%
humidity. Furthermore, measurements performed using dif-
ferent acoustic resonances have shown that the decrease of the
PA signal occurs at larger H2O concentrations for higher fre-
quencies. A similar behaviour is observed for the phase of the
PA signal. All these observations qualitatively demonstrate
the catalytic effect of water vapour for the relaxation of O∗2(ν). However, here again the dependence of the PA signal am-
FIGURE 6 Amplitude (a) and phase (b) dependence of the PA signal cor-
responding to 20 ppm of CH4 as a function of the H2O content in the carrier
gas (composed of 60% O2 and 40% N2) for the three acoustic resonances.
Error bars shown on the plot correspond to the standard deviation of the PA
signal recorded in a 5-min period
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plitude on water concentration disagrees with the values cal-
culated using the data of Table 1. For example, the relaxation
rate τ−1 may be estimated from the point where the normal-
ized PA amplitude in Fig. 5 reaches the value 1/
√
2, which
corresponds to ωτ = 1 according to Eq. (1). With the pro-
cesses considered for the relaxation of O∗2 (ν) and the values of
Table 1, the calculated relaxation rates for resonances (001),
(003) and (005) are about 2.5 times smaller than the measured
ones. This discrepancy prevents the development of a precise
quantitative description of the relaxation of the considered
system based on the relatively simple relaxation scheme that
has been proposed and using typical relaxation rates previ-
ously published in the literature.
Another species that has been demonstrated to efficiently
promote the vibrational relaxation of O2 is helium (see reac-
tion R12 in Table 1). This is of great importance for our ap-
plication (CH4 monitoring in the manufacturing of ZWPFs),
as helium is used in large quantities (several tens of percent)
in this process. The beneficial influence of helium as a cata-
lyst for the V–T relaxation of O∗2 (ν) in the generation of the
PA signal is illustrated in Fig. 7. The amplitude of the PA sig-
nal is displayed as a function of CH4 concentration in four
different carrier gases: N2, O2, He and a mixture of 90% O2
and 10% He. Except for N2, the results displayed in Fig. 7
were not achieved with pure carrier gases. Since our CH4 cer-
tified cylinders were buffered in nitrogen, a residual of N2 was
always present in the gas mixtures considered in Fig. 7. How-
ever, this N2 residual was smaller than 2% for CH4 concen-
trations below 100 ppm and its influence on the experimental
results is estimated to be of minor importance, so that it can
be neglected. The signal measured in He is lower than in N2
due mainly to the much higher resonance frequency (around
2.5 kHz) induced by the faster acoustic velocity in He and to
the smaller quality factor of the resonance that results from the
difference in some other physico-thermal constants of the gas,
such as density, viscosity and thermal conductivity. But, the
difference observed between N2 and He is not at all related to
FIGURE 7 Variation of the PA signal corresponding to the first longitudi-
nal resonance as a function of the CH4 concentration for different carrier
gases (N2, O2, He and 90% O2/10% He). A residual of a few percent of N2
is always present in the gas mixtures since the CH4 certified cylinders were
buffered in nitrogen. Error bars shown on the plot correspond to the standard
deviation of the PA signal recorded in a 5-min period. Lines are the result of
a fit by a linear function for N2, He and O2/He mixture, and by the sum of
a linear and a quadratic term for O2
relaxation effects. With the adjunction of only 10% of helium,
the signal measured in O2 reaches almost the same level as in
pure He. The O∗2 (ν) relaxation rate in an O2–He mixture may
be calculated according to Eq. (3): with 10% of helium, it de-
creases from 15 ms (in O2) to 0.4 ms, which becomes smaller
than the laser modulation period. Consequently, the absorbed
laser energy fully contributes to the generation of the PA sig-
nal and the usual behaviour is again observed (linear variation
of the PA signal with the CH4 concentration). This positive in-
fluence of helium makes possible the detection of methane at
sub-ppm level for process control in the manufacturing of the
ZWPFs.
5 Conclusion
The importance of collisional relaxation processes
in the PA signal generation has been demonstrated in the par-
ticular case of CH4 detection in dry O2 and O2–N2 mixtures.
A negative influence of molecular relaxation effects has been
observed, which resulted in a strongly reduced and phase-
shifted PA signal. The origin of this phenomenon lies in the
existence of a fast resonant V–V coupling between CH∗4 (ν4)
and O∗2 (ν) vibrational states, associated with a small V–T
relaxation rate of the O∗2 (ν) excited state. This effect is inde-
pendent of the frequency of the excited CH4 transition and is
therefore expected to occur with any laser source used for the
detection of CH4 in O2/N2 mixtures by PAS. This has been
confirmed by our experimental results obtained in two differ-
ent NIR absorption bands of methane (2ν3 at 1.65 µm and ν1 +
ν4 at 2.37 µm) using two types of semiconductor DFB lasers.
A qualitative theoretical explanation of the relaxation phe-
nomena involved in our experimental observations has been
proposed. However, the relaxation rates calculated from data
reported in the literature for different processes connected
with the considered system are much smaller than the values
estimated from the experimental measurements. This discrep-
ancy shows that the proposed model is only a qualitative de-
scription of the observed phenomena and is not able to predict
quantitative data, such as an accurate value of the amplitude or
phase of the generated PA signal. Other relaxation processes
that were not taken into account probably also contribute to
the PA signal. The proposed model is also only a qualitative
model of the relaxation phenomena and cannot describe the
full process of PA signal generation.
The beneficial effect of several species acting as a catalyst
that promotes the V–T relaxation of the CH4–O2 system has
been demonstrated. Among these substances, methane itself
is one of the most efficient. As a result, an unusual parabolic
variation of the PA signal with the CH4 concentration has been
observed. A non-linear response with respect to the concen-
tration of the target species has already been reported in PAS
in the case of a gas mixture containing several species di-
luted in a N2/O2 carrier gas. A well-known case occurs for
the detection of NH3 in a sample containing NH3, CO2 and
H2O in a N2/O2 buffer gas [27]. Although this situation is
also induced by relaxation effects (kinetic cooling of CO2),
the non-linear response was produced in that case by the su-
perposition of several PA signals with a different phase. The
behaviour reported here is different, as the observed parabolic
response occurs for a single species (CH4) diluted in a N2/O2
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buffer gas. This parabolic response results from a double-
linear dependence of completely different origin. In addition
to the usual linear response of the PA signal with respect to
the gas concentration (due to the increasing amount of energy
absorbed in the sample), a second linear variation is induced
by relaxation effects. Other species that have shown a ben-
eficial effect on the V–T relaxation of the CH4–O2 system
are water vapour and helium. An absolute humidity rate of
1% (corresponding to a relative humidity of 100% at 7 ◦C or
50% at 18 ◦C) or a helium concentration of around 10% in
a O2/N2 mixture has been shown to be sufficient to suppress
the undesirable influence of molecular relaxation in our sen-
sor, operated at atmospheric pressure and using a modulation
frequency in the kHz range. However, a higher concentration
of these species is required to obtain a similar result if a larger
modulation frequency or a reduced pressure is considered.
The dramatic reduction of the methane PA signal gen-
erated in O2 and its high dependence on the humidity rate
were also observed in O2/N2 mixtures containing only a few
percent of O2. Therefore, this phenomenon may also affect
the monitoring of methane in ambient air (21% of O2) by
PAS, for example for atmospheric researches or greenhouse
gases emission monitoring. This effect must be considered
especially when working in relatively dry conditions, which
certainly occurs for field measurements during winter time,
or when measurements are performed at reduced pressure (at
altitude, for example). The positive effect of He also makes
our PAS-based sensor suitable for sub-ppm CH4 detection for
process control in the manufacturing of the novel LWPFs.
Without this beneficial influence, the monitoring of methane
by PAS in this application would not be possible, due to the
strongly reduced sensitivity induced by relaxation effects.
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